Introduction
============

In early pregnancy, extravillous trophoblast cells form plugs that occlude the spiral arteries and prevent maternal blood from entering the intervillous space, which creates a physiologically low-oxygen environment ([@b1-ijmm-42-03-1508]). However, at 10--12 weeks of gestation, oxygen tension rises in the placenta with onset of maternal flow following disintegration of the endovascular trophoblast plugs ([@b2-ijmm-42-03-1508]). This increasing oxygen level is an important signal for feto-placental development and limits trophoblast invasion ([@b3-ijmm-42-03-1508]). Although trophoblasts isolated from placental tissues have been reported to exhibit decreased invasiveness under low oxygen concentrations ([@b4-ijmm-42-03-1508],[@b5-ijmm-42-03-1508]), trophoblast-like cell lines, including HTR-8/SVneo and JEG3 cells, have been noted to exhibit increased invasiveness when exposed to 3% O~2~ ([@b6-ijmm-42-03-1508]). Therefore, the role of hypoxia in determining the invasive capacity of trophoblasts remains controversial and requires further elucidation.

Under the above circumstances, the major regulator of oxygen tension is hypoxia-inducible factor (HIF)-1, a transcription factor complex stabilized under low oxygen tension to mediate cellular responses, which activates and binds to a large number of target genes ([@b7-ijmm-42-03-1508]). HIF-1 is a heterodimeric transcription factor consisting of a HIF-1β subunit that is constitutively active, and a HIF-1α subunit that is rapidly inactivated and degraded by ubiquitination and subsequent passage via the proteasomal pathway, a process that is inhibited under hypoxic conditions ([@b8-ijmm-42-03-1508]). Several previous studies have demonstrated that the role of HIF-1α in the regulation of CXC chemokine receptor 4 (CXCR4) expression and function was critical ([@b9-ijmm-42-03-1508]--[@b12-ijmm-42-03-1508]).

Chemokines belong to a superfamily of small cytokine-like proteins that serve as chemoattractants, controlling the migration of leukocytes to sites of inflammation ([@b13-ijmm-42-03-1508]). Chemokines are classified into four groups, namely CXC, CC, C and CX3C, based on the positions of four conserved cysteine residues ([@b14-ijmm-42-03-1508],[@b15-ijmm-42-03-1508]). CXCR4 is a G-protein-coupled receptor containing a seven transmembrane spanning domain that is activated exclusively by its cognate, stromal-derived factor-1α (SDF-1α) ([@b15-ijmm-42-03-1508]). It has been confirmed that CXCR4 is overexpressed in a number of types of cancer and contributes to tumor cell invasion and migration ([@b11-ijmm-42-03-1508],[@b16-ijmm-42-03-1508]). The association of CXCR4 with pregnancy has been investigated in an increasing number of studies. In addition, a study by Schanz *et al* ([@b17-ijmm-42-03-1508]) reported that the regulation of CXCR4 in human cytotrophoblasts by oxygen levels and cell differentiation into invading extravillous trophoblasts is important in the development of the placenta. An absence of this regulation may be followed by shallow cytotrophoblast invasion, which may lead to a later onset of preeclampsia as a result of insufficient placentation.

However, current understanding of the role of hypoxia in regulating CXCR4 in trophoblast cells remains limited. It has been reported that hypoxia, particularly HIF-1α, may promote the expression of CXCR4 and activate the CXCR4/SDF-1α axis, contributing to increased tumor cell invasion and metastasis ([@b12-ijmm-42-03-1508]). Furthermore, there are considerable similarities between the invasion and migration of trophoblast cells in normal pregnancy and the infiltration and distant metastasis of tumor cells. In addition, the CXCR4 promoter contains four potential hypoxia response elements (HREs) located upstream of the transcriptional start site and one intra-intronic site, which suggests that CXCR4 is a hypoxia response gene ([@b18-ijmm-42-03-1508]). Therefore, it was hypothesized that hypoxia may be involved in trophoblast invasion by altering the expression of CXCR4, via the activation of HIF-1α.

In the present study, the expression of CXCR4 in first-trimester villi and normal full-term placentas was compared. Using a Transwell migration/invasion assay, the effect of CXCR4 on trophoblast migration and invasion following exposure to 3% O~2~ was investigated. In addition, RNA interference-mediated knockdown of CXCR4 and HIF-1α, and a pcDNA plasmid overexpressing HIF-1α were used to investigate the potential role of CXCR4 in hypoxia-mediated trophoblastic migration and invasion.

Materials and methods
=====================

Study population
----------------

First-trimester chorionic villi tissues (mean week of gestation=7.37±0.89, n=30) and normal full-term placentas (mean week of gestation=39.53±0.94, n=30) were obtained following elective abortion or delivery at term. Patients with multi-fetal pregnancies, congenital uterine abnormalities, fetal malformations, chronic hypertension, connective tissue diseases, diabetes mellitus, polycystic ovarian syndrome, and prior history of preterm birth or preeclampsia were excluded from the study population. Full-term patients, as the control group, were normotensive throughout pregnancy. All the samples were collected from the Third Affiliated Hospital of Zhengzhou University (Henan, China), and written informed consent was obtained from all participating women. The study protocol was approved by the Ethics Review Committee of the Third Affiliated Hospital of Zhengzhou University (ID no. 2015023). The detailed clinical characteristics of the sample groups are presented in [Table I](#tI-ijmm-42-03-1508){ref-type="table"}.

Sample collection
-----------------

The chorionic villi tissues were immediately separated from the products of conception following dilation and curettage, minced into small fragments, and washed thoroughly with 0.9% NaCl to remove excess blood, mucus and decidua. Five small separate samples of placenta were taken within 15 min following collection, one from the central portion and one from each quadrant (at 3, 6, 9 and 12 o\'clock) of the maternal surface, avoiding any regions with macroscopic evidence of calcification, necrosis and infarction. Following removal of the blood from the tissues with sterile filter paper, a section of each sample was washed with 0.9% NaCl and then fixed in 10% formalin for immunohistochemistry (IHC), with the remaining sample immediately placed in liquid nitrogen and stored at −80°C for RNA extraction.

Cell culture and treatments
---------------------------

The JEG3 trophoblast-like cell line was purchased from the American Type Culture Collection (Manassas, VA, USA) and the cells were grown in RPMI-1640 medium (HyClone; GE Healthcare Life Sciences, Logan, UT, USA) containing 10% fetal bovine serum (FBS; HyClone; GE Healthcare Life Sciences) and 1.2 mmol/l l-glutamine at 37°C in a 5% CO~2~ atmosphere (21% O~2~). For hypoxic conditions, as described previously ([@b6-ijmm-42-03-1508]), the cells were incubated in a tri-gas incubator at 37°C with 3% O~2~, 5% CO~2~ and 92% N~2~ for the indicated periods of time.

IHC
---

The tissue samples were fixed in 10% buffered formalin at room temperature and embedded in paraffin. The tissue samples were cut into 4-*µ*m sections for IHC analysis. Following deparaffinization with xylene and rehydration through graded ethanol solutions, antigen retrieval was performed using microwave treatment in 10 mM citrate buffer (pH 6.0) for 20 min. The tissues were then incubated with 3% H~2~O~2~ for 15 min at 37°C to block endogenous peroxidase activity. Subsequently, the sections were incubated overnight at 4°C with rabbit anti-human CXCR4 monoclonal antibody (1:500; cat no. ab124824; Abcam, Cambridge, UK). Negative control sections were incubated for 2 h at room temperature with phosphate-buffered saline (PBS). Secondary antibody (1:200; cat no. SP-9001; OriGene Technologies, Inc., Beijing, China) was used to incubate the tissues for 1 h at room temperature, and the reaction products were visualized with a 3,3′-diaminobenzidine tetrahydrochloride substrate kit (ZSGB-BIO). The sections were counterstained with hematoxylin for 2 min, dehydrated, cleared and coverslipped. The staining intensity was evaluated by systematically screening all the sections and evaluating them according to an established 0--3 scale. Images were captured with a Nikon Eclipse Ci microscope (Nikon Corporation, Tokyo, Japan) at ×100 magnification. The staining results for CXCR4 protein in tissues were graded as follows: 0, no staining; 1, nuclear staining in \<1% of the cells; 2, nuclear staining in 1--10% of the cells and/or weak cytoplasmic staining; 3, nuclear staining in \>10% of the cells and/or distinct or strong cytoplasmic staining. The intensity of the immunostaining of each slide was evaluated by two pathologists independently.

Cell migration/invasion assay
-----------------------------

Cell migration/invasion assays were performed using Transwell inserts (8-*µ*m pore size; Costar, Cambridge, MA, USA). The Transwell inserts were coated with 100 *µ*l Matrigel (BD Biosciences, San Jose, CA, USA) for the invasion assay. The JEG3 cells, which were seeded in 6-well plates (3×10^5^ cells/well), were allowed to grow until reaching a confluence of 60%, and then similarly treated with hypoxia for 48 h. The cells were starved in serum-free media overnight, and then harvested and resuspended in serum-free media. A suspension of cells (3×10^4^) in 200 *µ*l serum-free media was loaded into the upper chambers of the Transwell inserts, and 750 *µ*l RPMI 1640 medium containing 20% FBS was added to the lower chambers at 37°C for 24 h. The cells that had migrated to the lower surface of the membrane were fixed in 4% paraformaldehyde for 30 min and then stained with hematoxylin for 10 min. The number of migrating/invading cells was counted under an optical microscope (magnification, ×200) from five randomly selected fields for each assay.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis
-------------------------------------------------------------------------------

Total RNA was extracted from tissues and JEG3 cells, and reverse-transcribed into cDNA using 2 *µ*l 5X RT buffer, 0.5 *µ*l RT Enzyme Mix, 0.5 *µ*l Primer Mix and 1 *µ*g RNA sample with a ReverTra Ace qPCR RT kit (Toyobo Co., Ltd., Tokyo, Japan) at 37°C for 15 min, followed by 98°C for 5 min. SYBR Green Real-Time PCR Master mix (Toyobo Co., Ltd.) was then used, with the reagents subjected to 95°C for 60 sec followed by 40 cycles of 95°C for 15 sec and 60°C for 60 sec. The primers for HIF-1α were: 5′-TGGACACTGGTGGCTCACTA-3′ (forward) and 5′-ATGCTACTGCAATGCAATGG-3′ (reverse). The primers for CXCR4 were: 5′-ACTACACCGAGGAAATGGGCT-3′ (forward) and 5′-CCCACAATGCCAGTTAAGAAGA-3′ (reverse). The primers for β-actin were: 5′-GGGAAATCGTGCGTGACATTAAGG-3′ (forward) and 5′-CAGGAAGGAAGGCTGGAAGAGTG-3′ (reverse). All the results were normalized to the mRNA level of β-actin. The 2^−ΔΔCq^ method ([@b19-ijmm-42-03-1508]) was applied to analyze the mRNA expression of all the target genes.

Western blot analysis
---------------------

The cells were lysed with RIPA lysis and extraction buffer (Beijing ComWin Biotech Co., Ltd., Beijing, China), and the supernatant was collected for the measurement of protein concentrations using a bicinchoninic acid protein assay kit (Sangon Biotech Co., Ltd., Shanghai, China). Equal quantities (80 *µ*g) of protein lysate were separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. The membranes were blocked with 5% (w/v) non-fat milk in Tris-buffered saline with 0.1% Tween for 1 h and incubated with a rabbit monoclonal primary antibody against HIF-1α (cat. no. ab51608; 1:1,000; Abcam) or rabbit monoclonal anti-CXCR4 (cat. no. ab124824; 1:100; Abcam) and rabbit polyclonal anti-β-actin (cat. no. ab5694; 1:2,000; Abcam) overnight at 4°C. Following incubation with the corresponding horseradish peroxidase-conjugated anti-rabbit secondary antibody (cat. no. IH-0012; 1:10,000; Dingguo Changsheng Biotechnology Co., Ltd., Beijing, China) at 37°C for 1 h, the protein bands were visualized by using enhanced chemiluminescence (ECL Plus kit; Beyotime Institute of Biotechnology, Shanghai, China). The optical density of the protein bands was quantified using an AI600 image system (GE Healthcare Life Sciences).

Synthetic small interfering (si)RNAs and plasmid transfection
-------------------------------------------------------------

Synthetic siRNAs specific for HIF-1α (siHIF-1α) or CXCR4 (siCXCR4) were designed and purchased from GenePharma (Shanghai, China). The sequences for siHIF-1α were: 5′-GATGGAAGCACTAGACAAA-3′, and the sequences for siCXCR4 were: 5′-CTGTCCTGCTATTGCATTA-3′. The synthesized siRNAs were resuspended in 250 *µ*l RNase-free DEPC water to a final concentration of 20 *µ*M. The JEG3 cells were seeded in 6-well plates (3×10^5^/well) in complete medium and cultured overnight. A total of 50 nM siRNA was mixed with Lipofectamine 2000™ reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), and transfected into the cells, then exposed to hypoxic conditions. At 48 h post-transfection, total RNA or protein was extracted from cells for subsequent experiments. Additionally, a pcDNA plasmid carrying HIF-1α (pcDNA-HIF-1α) was purchased from GenePharma and transfected into JEG3 cells according to the manufacturer\'s protocol, as described above.

Statistical analysis
--------------------

All statistical analyses were performed using the SPSS software package, version 21.0 (IBM SPSS, Armonk, NY, USA). Data are expressed as the mean ± standard deviation. An independent samples t-test was used to compare the difference in values between the two groups. Statistical analysis was also performed using one-way analysis of variance followed by the LSD (L) post hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

CXCR4 is expressed at a high level in first-trimester villi
-----------------------------------------------------------

The expression of CXCR4 was analyzed by RT-qPCR analysis, and CXCR4 mRNA was found to be significantly elevated in the first-trimester villi compared with its level in the normal full-term placentas ([Fig. 1A](#f1-ijmm-42-03-1508){ref-type="fig"}). Subsequently, IHC was used to localize the protein expression of CXCR4 in the placenta, which revealed that CXCR4 was mainly expressed in the cytoplasm and membrane of the trophoblast cells, and the trophoblast expression of CXCR4 was increased in the first-trimester villi compared with that in the full-term placentas ([Fig. 1B](#f1-ijmm-42-03-1508){ref-type="fig"}). The results of immunostaining are summarized in [Table II](#tII-ijmm-42-03-1508){ref-type="table"}, categorized according to the intensity of the immunostaining. The staining intensity for CXCR4 was higher in the first-trimester villi compared with that in the normal full-term placentas (χ^2^=15.75; P\<0.001).

Hypoxia induces the expression of CXCR4 in JEG3 cells
-----------------------------------------------------

To investigate the effect of hypoxia on the expression of CXCR4 in trophoblast cells, JEG3 cells were incubated in 3 or 21% O~2~. It was observed that the expression of CXCR4 was significantly elevated in the JEG3 cells exposed to 3% O~2~ ([Fig. 2A](#f2-ijmm-42-03-1508){ref-type="fig"} and B), which was consistent with the above findings in placental tissues. Due to the importance of HIF-1α in hypoxia, the present study also detected the protein expression of HIF-1α in the JEG3 cells. The data demonstrated that the expression of HIF-1α was markedly enhanced by hypoxia and increased gradually over time ([Fig. 2B](#f2-ijmm-42-03-1508){ref-type="fig"}). These findings suggested that the mRNA and protein expression levels of CXCR4 were increased in JEG3 cells exposed to 3% O~2~.

Hypoxia promotes the invasion and migration of JEG3 cells
---------------------------------------------------------

Hypoxia markedly affects trophoblast biological processes, including cell migration and invasion. Therefore, Transwell migration/invasion assays were performed to assess the migration and invasion of JEG3 cells exposed to 3 or 21% O~2~. It was found that JEG3 cells exposed to 3% O~2~ exhibited significantly increased migration and invasion compared with cells exposed to 21% O~2~ ([Fig. 3A](#f3-ijmm-42-03-1508){ref-type="fig"} and B), indicating that hypoxia enhanced the migration and invasion ability of the JEG3 cells.

Hypoxia-induced invasion and migration abilities of JEG3 cells are decreased by the knockdown of CXCR4
------------------------------------------------------------------------------------------------------

As it was observed that hypoxia promoted JEG3 cell migration and invasion, and that the expression of CXCR4 was significantly increased in cells exposed to hypoxia, it was hypothesized that CXCR4 is involved in regulating the migration and invasion of trophoblast cells exposed to 3% O~2~, which is the physiological O~2~ level during early placentation. Therefore, JEG3 cells were transfected with siCXCR4 or negative control (NC)-siRNA, and transfection with siCXCR4 was found to markedly reduce the mRNA and protein expression levels of CXCR4 in JEG3 cells ([Fig. 4A](#f4-ijmm-42-03-1508){ref-type="fig"} and B). Subsequently, the migration and invasion in JEG3 cells transfected with siCXCR4 or NC-siRNA and treated with 21 or 3% O~2~ were valuated. The cell migration and invasion were decreased by CXCR4 knockdown in the cells exposed to either 21 or 3% O~2~ ([Fig. 4C](#f4-ijmm-42-03-1508){ref-type="fig"} and D), however, this effect was more pronounced in the cells exposed to 3% O~2~. Therefore, the above-mentioned results suggested that CXCR4 is crucial for the hypoxia-induced increase in cell migration and invasion.

Expression of CXCR4 is mediated by HIF-1α in hypoxia
----------------------------------------------------

To confirm whether the expression of CXCR4 was indeed mediated by HIF-1α in JEG3 cells, synthetic siHIF-1α and NC-siRNA were transfected into the JEG3 cells. Following exposure to 3% O~2~ for 48 h, western blot analysis was first performed to verify the efficacy of siHIF-1α in JEG3 cells. The data demonstrated that the mRNA expression levels of HIF-1α and CXCR4 were suppressed ([Fig. 5A](#f5-ijmm-42-03-1508){ref-type="fig"}), and HIF-1α-specific siRNA significantly inhibited the endogenous expression of HIF-1α, and markedly suppressed the hypoxia-induced upregulation of CXCR4 in JEG3 cells, compared with NC-siRNA ([Fig. 5B](#f5-ijmm-42-03-1508){ref-type="fig"}). Cell migration and invasion were also decreased by siHIF-1α transfection in JEG3 cells exposed to 3% O~2~ ([Fig. 5C](#f5-ijmm-42-03-1508){ref-type="fig"} and D). In addition, pcDNA-HIF-1α was used to investigate the effect of the activation of HIF-1α on the expression of CXCR4 in JEG3 cells. It was observed that the protein and mRNA levels of HIF-1α and CXCR4 ([Fig. 5E](#f5-ijmm-42-03-1508){ref-type="fig"} and F) were upregulated, and that cell migration and invasion ([Fig. 5G](#f5-ijmm-42-03-1508){ref-type="fig"} and H) were increased in JEG3 cells transfected with pcDNA-HIF-1α, compared with cells transfected with the control vector. These results demonstrated that the expression of CXCR4 was induced by hypoxia through the activation of HIF-1α.

Discussion
==========

During the first trimester of pregnancy, trophoblast migration and invasion are tightly regulated by multiple factors, including cytokines, growth factors and hormones. However, hypoxia is one of the most potent regulators and it is crucial for a successful pregnancy ([@b20-ijmm-42-03-1508]). CXCR4 is widely involved in placental biological functions, including cytotrophoblast differentiation, materno-fetal immune tolerance, vascular remodeling and peripheral blood natural killer cell differentiation ([@b21-ijmm-42-03-1508]--[@b25-ijmm-42-03-1508]). CXCR4 and its unique ligand, CXCL12, have been confirmed to be crucial for first trimester decidual stromal cell invasion, and are important in the maternal-fetal interface ([@b23-ijmm-42-03-1508]). In the present study, the expression of CXCR4 was found to be significantly higher in first-trimester villi than in normal full-term placentas, which is in accordance with a previous study ([@b26-ijmm-42-03-1508]) reporting that human cytotrophoblasts from villi and decidua expressed high levels of various chemokine receptors, including CXCR4. Accumulating evidence indicates that CXCR4 may be involved in the invasion and migration of several cancer cell types, including ovarian, colon and prostate cancer ([@b27-ijmm-42-03-1508]--[@b29-ijmm-42-03-1508]). As the invasiveness of trophoblast cells is similar to that of tumor cells, it was hypothesized that hypoxia is also able to increase the expression of CXCR4 in JEG3 trophoblast cells. The data obtained in the present study verified this hypothesis by revealing that hypoxia induced a significant upregulation of CXCR4 in JEG3 cells. The upregulation of CXCR4 by hypoxia has also been found to promote the invasive and metastatic abilities of gastric cancer cells and breast cancer cells *in vitro* ([@b12-ijmm-42-03-1508],[@b16-ijmm-42-03-1508]). Normal migration and invasion of cytotrophoblasts into the maternal uterine wall are important for successful implantation of the embryo, whereas abnormal migration and invasion lead to pregnancy complications, including miscarriage, preeclampsia and fetal growth restriction ([@b30-ijmm-42-03-1508],[@b31-ijmm-42-03-1508]). In addition, infection with human cytomegalovirus has been confirmed to inhibit extravillous cytotrophoblast migration and invasion through the dysregulation of CXCR4/CXCL12 signaling throughout early pregnancy ([@b32-ijmm-42-03-1508]). Consistent with several previous studies ([@b6-ijmm-42-03-1508],[@b33-ijmm-42-03-1508],[@b34-ijmm-42-03-1508]), the present study found that the migration and invasion of trophoblast cells were enhanced following exposure to 3% O~2~. Therefore, it was hypothesized that the expression of CXCR4 in trophoblasts depends on physiological hypoxia in early pregnancy.

Second-trimester placental tissues were not analyzed, as it is difficult to obtain second-trimester placental samples. In the literature, there are conflicting data regarding the role of CXCR4 in the second trimester. Al-Harthi *et al* ([@b35-ijmm-42-03-1508]) evaluated the expression of CXCR4 from second- and third-trimester trophoblast samples, and found absence of the expression of CXCR4 in second-trimester human placental trophoblast cells, although it was expressed in full-term placental trophoblast cells. Although Ishii *et al* ([@b36-ijmm-42-03-1508]) detected the expression of CXCR4 in second-trimester trophoblasts from two donors, it was suggested that, in all trimesters of pregnancy, CXCR4 may be involved in the autocrine or paracrine regulation of placental functions. Therefore, further investigations with a larger cohort of patients in the second trimester are required to clarify the expression patterns of CXCR4 and to determine the role of CXCR4 in the development of pregnancy. In addition, pathological hypoxia of trophoblast cells in the second trimester of pregnancy is closely linked with pregnancy complications, including preeclampsia and fetal growth restriction. In these diseases, major uteroplacental pathology is characterized by the coexistence of poor uterine arterial remodeling, which results in placental hypoxia and poor invasion of trophoblast cells into the deciduas ([@b37-ijmm-42-03-1508]). Previous studies have shown that the expression of CXCR4 was reduced in the placenta in preeclamptic pregnancy ([@b38-ijmm-42-03-1508]) and that the expression of HIF-1α was increased ([@b39-ijmm-42-03-1508]), compared with that in normal pregnancy. These findings suggest that impairment of the HIF-1α/CXCR4 pathway may be involved in the pathogenesis of preeclampsia.

It has been reported that CXCR4 knockdown in colon tumor cells alleviates hypoxia-induced migration and invasion ([@b40-ijmm-42-03-1508]). In the present study, CXCR4 was found to be significantly increased in JEG3 cells exposed to hypoxia, and the knockdown of CXCR4 inhibited the migration and invasion of JEG3 cells exposed to hypoxia, suggesting that CXCR4 is key in the regulation of hypoxia-induced trophoblast cell migration and invasion.

Hypoxia induces the expression of HIF-1, which regulates numerous genes adaptive for hypoxic survival, including glucose transporter-1, erythropoietin, vascular endothelial growth factor, heme oxygenase, inducible nitric oxide synthase and different glycolytic pathway enzymes, by binding to HREs within the gene promoters ([@b41-ijmm-42-03-1508]). Previous studies ([@b42-ijmm-42-03-1508],[@b43-ijmm-42-03-1508]) have confirmed that the protein expression of HIF-1α was significantly higher in early first trimester in extravillous cytotrophoblasts of cell columns compared with cells in term control placenta. The findings of the present study demonstrated that the protein expression levels of HIF-1α and CXCR4 were significantly increased in JEG3 cells exposed to hypoxia. In addition, to determine whether HIF-1α was necessary for regulation of the expression of CXCR4 by hypoxia in JEG3 cells, RN interference was used to inhibit the expression of HIF-1α, which suppressed the hypoxia-induced upregulation of CXCR4 and reduced the migration and invasion of JEG3 cells exposed to hypoxia. By contrast, the overexpression of HIF-1α promoted the upregulation of CXCR4 and increased the migration and invasion of JEG3 cells exposed to hypoxia, indicating that the CXCR4 gene may be a downstream target in HIF-1α-mediated hypoxia in JEG3 cells. Therefore, the results suggested that HIF-1α is crucial for inducing the expression of CXCR4 by hypoxia in the regulation of trophoblast cell migration and invasion. Taken together, a low-oxygen environment in the first trimester may upregulate the expression of CXCR4, and thus contribute to trophoblastic cell migration and invasion by activating the transcription factor HIF-1α. These results provide potential insights for understanding the mechanism of placental development. In addition, as the hypoxia-induced expression of CXCR4 in trophoblast cells may affect not only migration and invasion, but also differentiation, proliferation, or other functions of trophoblasts, the underlying mechanisms involving interactions of chemokines with receptors in the placenta are likely to be complex and require further investigation.

The present study has a number of limitations. First, the expression of CXCR4 in second-trimester villi was not measured, as it is difficult to obtain second-trimester placental tissues. Second, no HTR-8/SVneo cells or primary trophoblast cells were used as control cells. In addition, other trophoblastic cells, including JAR and BeWo, have different characteristics and have different responses to culture in 3% O~2~ with respect to invasion, migration, proliferation and secreted proteases ([@b6-ijmm-42-03-1508],[@b44-ijmm-42-03-1508]). Therefore, further investigations using other trophoblastic cells and primary trophoblast cells in all experiments are required to provide additional support for the findings suggested in the present study.

In conclusion, the results of the present study indicated that the activation of CXCR4 in cells exposed to hypoxia is crucial for normal pregnancy and facilitates the migration and invasion of trophoblast cells though the activation of HIF-1α. Further investigations are required to clarify the mechanism of CXCR4 in primary trophoblast cells.
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![CXCR4 is expressed at a high level in first-trimester villi. (A) mRNA expression of CXCR4 in first-trimester villi and normal full-term placentas was measured by reverse transcription-quantitative polymerase chain reaction analysis. ^\*\*^P\<0.01. (B) Immunoreactivity for CXCR4 was identified in the villous trophoblasts. The immunostaining of CXCR4 was increased in the first-trimester villi compared with that in normal full-term placentas. Scale bar=100 *µ*m. CXCR4, CXC chemokine receptor 4.](IJMM-42-03-1508-g00){#f1-ijmm-42-03-1508}

![Hypoxia induces the expression of CXCR4 in JEG3 cells. (A) mRNA expression of CXCR4 was detected by reverse transcription-quantitative polymerase chain reaction analysis in JEG3 cells exposed to 3% O~2~ for the indicated periods of time (^\*\*^P\<0.05). (B) Protein levels of HIF-1α and CXCR4 were analyzed by western blotting. β-actin was used as an internal control. CXCR4, CXC chemokine receptor 4; HIF-1α, hypoxia-inducible factor 1α.](IJMM-42-03-1508-g01){#f2-ijmm-42-03-1508}

![Hypoxia promotes invasion and migration of JEG3 cells. JEG3 cells were exposed to either 21 or 3% O~2~. Cell migration/invasion was assessed. (A) Representative images of migrating/invading JEG3 cells on the outer membrane at a magnification of ×200. (B) Data are presented as the mean ± standard deviation. ^\*^P\<0.05.](IJMM-42-03-1508-g02){#f3-ijmm-42-03-1508}

![Hypoxia-induced invasion and migration of JEG3 cells are decreased by CXCR4 knockdown. Specific knockdown of CXCR4 in JEG3 cells by siRNA was analyzed by (A) reverse transcription-quantitative polymerase chain reaction and (B) western blot analyses (^\*\*^P\<0.01). (C) Migration and invasion of JEG3 cells that were transfected with NC-siRNA or siCXCR4 and then exposed to 21 or 3% O~2~ were assessed by Transwell assays at a magnification of ×200. (D) Numbers of migrating or invading cells are presented as the mean ± standard deviation (^\*^P\<0.05, siCXCR4, vs. NC-siRNA; ^\#^P\<0.05, vs. NC-siRNA under 21% O~2~). CXCR4, CXC chemokine receptor 4; siRNAS, small interfereing RNA; NC, negative control.](IJMM-42-03-1508-g03){#f4-ijmm-42-03-1508}

![Expression of CXCR4 is mediated by HIF-1α. (A) mRNA and (B) protein levels of HIF-1α and CXCR4 in JEG3 cells that were transfected with siHIF-1α or NC-siRNA and then incubated under 3% O~2~ for 48 h were analyzed by RT-qPCR and western blot analyses, respectively (^\*^P\<0.05 and ^\*\*^P\<0.01). (C) Migration and invasion of JEG3 cells that were transfected with NC-siRNA or siHIF-1α and then exposed to 3% O~2~ were assessed using Transwell assays at a magnification of ×200. (D) Data on migration and invasion are presented as the mean ± standard deviation (^\*\*^P\<0.01). (E) mRNA and (F) protein levels of HIF-1α and CXCR4 in JEG3 cells transfected with pcDNA-NC or pcDNA-HIF-1α and then exposed to 3% O~2~ for 48 h were analyzed by RT-qPCR and western blot analyses, respectively (^\*^P\<0.05 and ^\*\*^P\<0.01). (G) Migration and invasion of JEG3 cells that were transfected with pcDNA-NC or pcDNA-HIF-1α and then exposed to 3% O~2~ were assessed using Transwell assays at a magnification of ×200. (H) Data on migration and invasion are presented as the mean ± standard deviation (^\*^P\<0.05 and ^\*\*^P\<0.01). CXCR4, CXC chemokine receptor 4; HIF-1α, hypoxia-inducible factor 1α; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; siRNA, small interfering RNA; NC, negative control.](IJMM-42-03-1508-g04){#f5-ijmm-42-03-1508}

###### 

Clinical characteristics of first trimester and term pregnancies.

  Characteristic                  Trimester I (n=30)   Term (n=30)   P-value
  ------------------------------- -------------------- ------------- ---------
  Maternal age (years)            29.67±3.29           30.47±3.55    0.37
  Gestational age (weeks)         7.37±0.89            39.53±0.94    \<0.05
  Mean arterial pressure (mmHg)   84.90±4.41           86.07±4.39    0.31
  Body mass index (kg/mm^2^)      23.08±1.46           22.61±1.00    0.15
  Number of pregnancies           1.47±0.63            1.53±0.68     0.69

###### 

Immunostaining intensity of CXCR4 in placenta tissues.

  Pregnancy stage      CXCR4 staining             
  -------------------- ---------------- ---- ---- ---
  Trimester I (n=30)   3                5    18   4
  Term (n=30)          6                20   3    1

CXCR4, CXC chemokine receptor 4.
